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Spatially-resolved NMR is used to probe the magnetism in and around the vortex core of nearly 
optimally-doped Tl 2 Ba 2 Cu06+i (T c =85 K). The NMR relaxation rate Tf 1 at 205 T1 site, at which 
antiferromagnetic (AF) fluctuation can be monitored sensitively, provides a direct evidence that the 
AF spin correlation is significantly enhanced in the vortex core region. In the core region Cu spins 
show a local AF ordering with moment ~ 0.1(j,b parallel to the layers at Tn~20 K. Above Tjv the 
core region is in the paramagnetic state which is a reminiscence of the state above the pseudogap 
temperature (T* ~120 K), indicating that the pseudogap disappears within the core. 

PACS numbers: 74.25.Ha, 74.25.Nf, 74.60.-W, 74.72.Fq 



The relation between superconductivity and mag- 
netism has been a central issue in the physics of high 
temperature superconductors (HTSC). In HTSC the su- 
perconductivity appears when carriers are doped into the 
mother compounds, which are antiferromagnetic (AF) 
Mott insulators. It is well established that the strong AF 
fluctuation plays a crucial role in determining many phys- 
ical properties of the normal state of HTSC. Recently, the 
influence of the AF fluctuation in the superconducting 
state has been attracting much attention. In particular, 
how the antifcrromagnctism emerges when the rf-wave 
superconducting order parameter is suppressed is a fun- 
damental problem in HTSC (I], |^, In this respect, the 
microscopic structure of the vortex core, which is a local 
normal region created by destroying the superconductiv- 
ity by magnetic field, turns out to be a very interesting 
subject, especially since many unexpected behaviors have 
been observed experimentally. 

In conventional s-wave superconductors, the quasipar- 
ticles (QPs) are confined by the isotropic pair potential 
and form the bound states of Caroli, de Gennes and Ma- 
tricon However the core structure of HTSC with 
d 2 .2_j / 2-wave symmetry is expected to be very different 
from that of ordinary superconductors, because the pair 
potential goes to zero at certain crystal directions. At an 
early stage, the vortex core structure of HTSC had been 
discussed within the framework of the " semiclassical" ap- 
proximation, which is a direct extension of the s-wave 
vortex core structure However, recent high resolu- 
tion STM experiments have revealed many unexpected 
properties in the spectrum of the vortex core, which are 
fundamentally different from these semiclassical d-wave 
vortex cores |6| . A new class of theories have emphasized 
the importance of the magnetism arising from the strong 
electron correlation for accounting for the microscopic 
vortex core structure || g, g, |l(| |ll], Therefore it 
is crucial for the comprehension of the vortex state of 
HTSC to clarify how the AF correlation and pseudogap, 
which characterize the magnetic excitation in the normal 



state, appear in and around the vortex core. 

Despite extensive studies, little is known about the mi- 
croscopic electronic structure of the vortices, especially 
concerning the magnetism. The main reason for this is 
that although STM experiments can probe the local den- 
sity of states (DOS) with atomic resolution, they do not 
directly reflect the magnetism. Recent neutron scatter- 
ing experiments on La2- x Sr x Cu04 have reported that 
an applied magnetic field enhances the AF correlation in 
the superconducting state |l3|, . These results were in- 
terpreted in terms of the competition between supercon- 
ductivity and static AF ordering (or spin density wave, 
SDW) ||. However, the relation between the observed 
AF static ordering and the magnetic excitations within 
the vortex core is still not clear, because the neutron ex- 
periments lack spatial resolution. Recent experimental 
||, H, and theoretical @ NMR studies have 

established that the frequency dependence of spin-lattice 
relaxation rate T± in the vortex state serves as a probe 
for the low energy excitation spectrum which can resolve 
different spatial regions of the vortex lattice. Up to now, 
however, all of these spatially-resolved NMR measure- 
ments have been carried out at the 17 sites [l6[ p"7| , 
at which the AF fluctuations are filtered, because the O 
atoms are located in the middle of neighboring Cu atoms 
with antiparallel spins P2f . 

In this Letter we provide local information on the 
AF correlation in the different regions of the vortex lat- 
tice extending the measurements to the vortex core re- 
gion, by performing a spatially resolved NMR imaging 
experiments on 205 Tl-nuclei in nearly optimally-doped 
Tl2Ba2Cu06+5- This attempt is particularly suitable for 
the above purpose because T-f at the Tl-site, 205 T± , 
can monitor AF fluctuations sensitively. Quite generally, 
1 jT\ is expressed in terms of the dynamical susceptibility 
as £ = ^f- J2 q \A q \ 2 lmx ^°\ where 7 „ is the nuclear 

gyromagnetic ratio, A q is the hyperfine coupling between 
nuclear and electronic spins, and luq is the Larmor fre- 
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FIG. 1: 205 T1-NMR spectrum (solid line) at 5 K. The thin 
solid line depicts the histogram at particular local fields ob- 
tained from Eq.(l). The red dotted line represents the simu- 
lation spectrum convoluted with Lorentzian broadening func- 
tion. The red filled circles show the frequency dependence of 
Tf 1 at the Tl site, 205 T 1 " 1 , at 5 K. For details, see the text. 
The upper inset shows the image of the field distribution in 
the vortex square lattice; vortex core (A), saddle point (B) 
and center of vortex lattice (C). The lower inset shows the 
crystal structure of ThjI^CuOg+a. 



quency. Because Tl atoms are located just above the Cu 
atoms and there exist large transferred hypcrfinc inter- 
actions between Tl and Cu nuclei through apical oxygen 
(see the inset of Fig. 1), Tl sees the full wavelength spec- 
trum of Cu magnetic spin fluctuation; 205 Ti is dominated 
by x(q) at q = (tTjTt), ie. AF fluctuations. This should 
be contrasted to the O-sites at which x(q) is dominated 
by uniform fluctuations at q— (0,0). On the basis of 
the NMR imaging, we have been able to establish a clear 
evidence of the AF vortex core state of HTSC. 

NMR measurements were carried out on the o 
axis oriented polycrystalline powder of high quality 
Tl2Ba2CuC>6+,5 (T c =85 K) in the external field along the 
c-axis. The 205 T1 spin echo signals were obtained by a 
pulse NMR spectrometer. A very sharp spectrum (~ 
50 kHz) above T c was observed. The spectrum becomes 
broad below T c due to the development of vortices. The 
solid line in Fig. 1 depicts the NMR spectra at 5 K mea- 
sured under the field cooling condition (FCC) in a con- 
stant field (Hq=2.1 T). We stress here the importance of 
measuring under FCC because the Bean critical current 
associated with the sweeping H not only produces a field 
gradient in the crystal but also seriously influences T\ 
by producing a shift to the QP energy spectrum. The 
spectra was obtained by convolution of the respective 
Fourier-transform-spectra of the spin echo signals mea- 
sured with an increment of 50 kHz. A clear asymmet- 
ric pattern of the NMR spectrum, which originates from 
the local field distribution associated with the vortex lat- 
tice (the Redfield pattern), is observed below the vortex 
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FIG. 2: Recovery curves of nuclear mag netization of 205 Tl 
as a function of r. The filled circles represent the data at 
the saddle point (B-point in Fig. 1, /=51.93 MHz) and open 
circles represent the data at the vortex core (A-point in Fig. 1, 
/=52.80MHz), respectively. The inset shows the same data 
as a function of i/t at several temperatures at the vortex core. 



lattice melting temperature (^60 K at Hq). The local 
field profile in the vortex state is given by approximating 
Hi oc (r) with the London result, 

H loc {r) = Ho J2 ex P (-»G • r) g^|gZg) , (1) 

where G is a reciprocal vector of the vortex lattice, | r | 
the distance from the center of the core, £ a j, the in- 
plane coherence length, and A a b the in-plane penetration 
length. The thin solid line in Fig. 1 depicts the histogram 
at a particular local field which is given by the local field 
distribution f(Hi oc ) = f Q 5[H loc (r) - H loc ]d 2 r in Eq.(l), 
where Q is the magnetic unit cell. In the calculation we 
used £ab=18A and A Q & = 1700 A, and assumed the square 
vortex lattice. The upper inset shows the image of the 
field distribution in the vortex lattice. The magnetic field 
is lowest at the center of the vortex square lattice (C- 
point), and it is highest at the center of the vortex core 
(A-point). The intensity of the histogram shows a peak 
at the field corresponding to the saddle point (B-point). 
The real spectrum broadens due to the imperfect orien- 
tation of the power. The red dotted line represents the 
spectrum convoluted with Lorentzian broadening func- 
tion, f{H loc ) = a/(AHf oc + a 2 ) using cr=48kHz. The 
theoretical curve reproduces the data well except at the 
high frequency region where deviations become signifi- 
cant. We will discuss this high frequency tail later. 

The spectrum shown in Fig. 1 demonstrates that the 
NMR frequency depends on the position of the vortex lat- 
tice. Therefore we can obtain the spatially-resolved infor- 
mation of the low energy excitation by analyzing the fre- 
quency distribution of the corresponding NMR spectrum. 
For 205 Tl with nuclear spin 7=1/2, the recovery curve of 
the nuclear magnetization M(t) fits well to a single ex- 
ponential relation, R(t) = (M(oo) - M(r))/M(oo) = 
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cxp(— r/Ti) in the normal state. In the vortex state, 
on the other hand, the feature of the recovery curves is 
strongly position dependent. Figure 2 and its inset dis- 
play the recovery curves as a function of time, r, at the 
saddle point (B-point in Fig. 1, filled circles) and at the 
vortex core (A-point in Fig. 1, open circles). The pro- 
cedure to determine T\ is as follows. The spin echo in- 
tensities are measured as a function of r after saturation 
pulses. Then the nuclear magnetization recovery curves 
as a function of r is obtained from each frequency compo- 
nent of the Fourier transform spectra. We obtained the 
data set of the recovery intensity for each frequency point 
at the 28 kHz interval with a gaussian weight function of 
(7=10 kHz. There are two distinct features. First, the de- 
cay time at the center of the core is much faster than at 
the saddle point. Second, while the recovery curves show 
the single exponential at the saddle point, they show a 
y/r dependence at the core region. We will discuss this 
sfr dependence later. In what follows, we defined T\ as 
the time required for the nuclear magnetization to decay 
by a factor 1/e, in order to define T\ uniquely for either 
decay curve. 

The red filled circles in Fig. 1 show the frequency de- 
pendence of 205 7 1 ~ 1 . On scanning from the outside into 
the core (C— >B— >A), 205 T^ 1 increases rapidly after show- 
ing a minimum near the saddle point (B). The magnitude 
of 205 T 1 ~ 1 in the core region (A) is almost two orders of 
magnitude larger than that near the saddle point (B). 
This large enhancement of 205 T 1 ~ 1 is in striking contrast 
to 17 Tf x at 17 sites reported in YBa 2 Cu 3 7 @ @ and 
YBa2Cu408 |l7| |, in which the enhancement of"^ Y T 1 at 
the core region is 2-3 times at most and has been at- 



tributed to local DOS produced by a Doppler shift of 
the QP energy spectrum by supercurrents around the 
vortices p3j. Therefore, the remarkable enhancement 
of 205 ^provides a direct evidence that the AF cor- 
relation is strongly enhanced near the vortex core region. 
The decrease of 205 T 1 _1 well outside the core when go- 
ing from point C to B was also reported in 17 T 1 _1 in 
YBa 2 Cu 3 7 |lll andYBa 2 Cu 4 8 @. This phenomenon 
has been discussed in terms of the suppression of the AF 
fluctuations by the Doppler shifted QP DOS |o). 

Figures 3 (a) and (b) depict the T-dependences of 
( 205 r 1 T)- 1 and 205 Tf 1 within the core (filled circles) 
and at the frequency corresponding to the saddle point 
(open circles). We comment on here the influence of 
vortex vibration on 205 7\ discussed in Ref . fjlf . Gen- 
erally 205 7 1 1 _1 is composed of contributions from vortex 
vibration, 205 T^y V , and from the magnetic excitation 

205 T -1 . 205 T -1 _205 rp-1 ,205 T ~l However 

j i,mb> 1 i — L \,vv + 1 i,me- However, 
205ji-i m core region, (205yc°>" e )- 1 ) [ s two orders 
of magnitude larger than that expected solely from vor- 
tex vibration at all temperatures (see Fig. 2 in Ref. jHJ ) . 
Therefore the influence of the vortex vibration is negli- 
gibly small in the core region. From high temperatures 
down to about 120 K, ( 205 TiT)" 1 obeys the Curie- Weiss 
law, (^TiT)- 1 cx 1/(T+ 9). The lowest T at which 
this law holds is conveniently called the pseudogap tem- 
perature T*. Below T*, ( 205 TiT)~ 1 decreases rapidly 
without showing any anomaly associated with the super- 
conducting transition at T c , similar to other HTSC p2| . 
Below 40K, ( 205 TiT)~ 1 is nearly T-independent down to 
4 K due to the DOS induced by the impurity in d-wave 
superconductor. The T-dependence of ( 205 T£° re )~ 1 con- 
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FIG. 3: T-dependence of (^TiT)" 1 (a) and ^T' 1 (b). 
The filled circles represent the data at the vortex core (A- 
point in Fig. 1) and open circles represent the data at the 
frequency correspond to the saddle point (B-point in Fig. 1) . 
In (a) T* ~ 120 K is the pseudogap temperature. The dotted 
line represents the Curie- Weiss law which is determined above 
T*. In (b), Tjv is the temperature at which 205 y~ 1 a t the core, 
( 205 Ti° re ) _1 , exhibits a sharp peak, which turns out to be the 
Neel temperature within the vortex core. 



FIG. 4: The line widths of the 205 T1-NMR spectrum plotted 
as a function of temperature. Af (open circles) indicates the 
line width determined by the frequency at which the inten- 
sity becomes 1% of the peak. The dashed line represents the 
line width calculated from the Redfield pattern (frequency 
difference between A- and B- point in Fig. 1). Af increases 
rapidly below Tm = 20 K. Filled circles represent Sf which 
is defined as the line width at the half intensity. Inset shows 
the spectrum at 5 K and the definition of Af and Sf. 
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tains some key features for understanding the core mag- 
netism. 

The first important signature is that i/ 205 Ti° re ex- 
hibits a sharp peak at T=20 K, which we label as T/v 
for future reference (Fig 3(b)). Below T N (^05 T coreyi 
decreases rapidly with decreasing T. There are two pos- 
sible origins for this peak. One is the reappearance of 
the pseudogap and the other is the occurrence of a local 
static AF ordering (or local SDW ordering) in the core 
region. The sharp peak of 205 T^ 1 at Tjv seems to sup- 
port AF ordering. The broadening of the Redfield pat- 
tern at the high frequency region discussed before also 
gives an additional evidence on AF ordering. The open 
circles in Fig. 4 display the line width at the high fre- 
quency tail, A/, which is defined as a difference between 
the frequency at the peak intensity and the frequency 
at which the intensity becomes 1% of the peak. For the 
comparison, we plot the line width calculated from the 
Redfield pattern (frequency difference between A- and 
B- point in Fig. 1) by the dashed line. At high temper- 
atures A/ agrees well with the calculation, while below 
TV =20 K it becomes much larger. We also plot Sf which 
represents the line width at the half intensity (filled cir- 
cles). Since Sf changes little below Tn, the line broad- 
ening occurs only near the core region. We stress that 
the high frequency tail below Tn is naturally explained 
by the transferred hyperfine fields at the Tl site through 
apical oxygen induced by the AF ordering within the 
core, which causes additional broadening. We also point 
out that the appearance of the local AF ordering is also 
consistent with the \fr dependent nuclear magnetization 
decay curve shown in the inset of Fig. 2. In fact, the 
y/r dependence has been observed when the microscopic 
imhomogeneous distribution of Ty due to strong mag- 
netic scattering centers is present . On basis of these 
results, we are lead to conclude that the vortex core re- 
gion shows local AF ordering at Tjv=20 K; Tn corre- 
sponds to the Neel temperature within the core. This AF 
ordering within the core is consistent with the prediction 
of recent theories based on the t — J and SO(5) models 
i 1,1,0- 

The second important signature for the core mag- 
netism is that, as shown by the dotted line in Fig. 3(a), 
(205 T core T )-i above Tn nearly Ues Qn the Curie-Weiss 



law line extrapolated above T*. This fact indicates that 
the vortex core region appears to be in the paramag- 
netic state which is a reminiscence of the state above 
T* ; the pseudogap is absent in the core region. We note 
that the present results seem to be inconsistent with the 
recent theories which predict local orbital currents, in 
which the pse udogap phenomenon within the core is as- 
sumed fTl|, |l2|. The present results also should be distin- 
guished from those of the neutron scattering experiments 
on La 2 _a;Sr a ;Cu04 |jl3), in which the static SDW coexists 
with superconductivity even in zero field just below T c . 
In the present compound, on the other hand, we do not 
observe such a static SDW ordering and the vortex core 
region is in the paramagnetic state in a wide T-region 
between T c and Tn- 

We finally discuss the spin structure within the core. 
The broadening occurs only at high frequencies while it 
is absent at low frequencies. This fact indicates that the 
AF spins are oriented parallel to the CuC>2 layers. This 
follows by observing that the broadening should occur at 
both high and low frequency sides if the AF ordering oc- 
curs perpendicular to the layers, because in this case the 
direction of the alternating transferred hyperfine fields 
are parallel and antiparallel to the applied field. Using 
the hyperfine coupling constant, Ahf— 56kOe//is, the 
magnetic moments induced within the core is estimated 
to be ~0.1^s. 

Summarizing the salient features of spatially-resolved 
NMR results in the vortex lattice; (1) Upon approaching 
the vortex core, ( 205 Ti) _1 is strongly enhanced (Fig. 1), 
(2) Near the core region, the NMR recovery curves show 
the ^-dependence (Fig. 2), (3) (205 T c O re)-i shows a 
peak at T=20 K (Fig. 3), (4) NMR spectrum near the 
core region broadens below T=20 K (Fig. 4). All of these 
results provide direct evidence that in the vortex core re- 
gion the AF spin correlation is extremely enhanced, and 
that the paramagnetic- AF ordering transition of the Cu 
spins takes place at Tn = 20 K. We also find the pseudo- 
gap disappears within the core. The present results offer 
a new perspective on how the AF vortex core competes 
with the d-wave superconductivity. 
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S.H. Pan, M. Takigawa, A. Tanaka, and Z. Tesanovic. 
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